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Summary
Allopolyploidy, which involves genome doubling of an
interspecific hybrid is an important mechanism of
abrupt speciation in flowering plants [1–6]. Recent
studies show that allopolyploid formation is accompa-
nied by extensive changes to patterns of parental gene
expression (‘‘transcriptome shock’’) [7–15] and that
this is likely the consequence of interspecific hybrid-
ization rather than polyploidization [16]. To investigate
the relative impacts of hybridization and polyploidiza-
tion on transcription, we compared floral gene expres-
sion in allohexaploid Senecio cambrensis with that in
its parent species, S. vulgaris (tetraploid) and S. squa-
lidus (diploid), and their triploid F1 hybrid, S. x baxteri
[17]. Major changes to parental gene expression were
associated principally with S. x baxteri, suggesting
that the polyploidization event responsible for the
formation of S. cambrensis had a widespread calming
effect on altered gene expression arising from hybrid-
ization [17]. To test this hypothesis, we analyzed floral
gene expression in resynthesized lines of S. cambren-
sis and show that, for many genes, the ‘‘transcriptome
shock’’ observed in S. x baxteri is calmed (‘‘amelio-
rated’’) after genome doubling in the first generation
of synthetic S. cambrensis and this altered expression
pattern is maintained in subsequent generations.
These findings indicate that hybridization and poly-
ploidization have immediate yet distinct effects on
large-scale patterns of gene expression.
Results and Discussion
Senecio cambrensis (2n = 6x = 60) is a recent allohexa-
ploid hybrid that has formed between S. vulgaris (2n =
4x = 40) and S. squalidus (2n = 2x = 20) on at least two
occasions in Britain within the last century [18]. The ma-
ternal parent S. vulgaris (groundsel) is a self-compatible
(SC), annual weed native to Britain, whereas S. squa-
lidus (Oxford ragwort) is an alien self-incompatible (SI),
*Correspondence: simon.hiscock@bristol.ac.ukshort-lived perennial originally from Mt. Etna, Sicily.
Senecio cambrensis is assumed to have arisen via
chromosome doubling in the sterile triploid hybrid
S. x baxteri, which occurs infrequently in mixed colonies
of S. vulgaris and S. squalidus [19, 20]. Previously, we
developed and tested anonymous cDNA microarrays to
investigate differences in floral gene expression among
S. squalidus, S. vulgaris, their triploid F1 hybrid S. x bax-
teri, and natural (wild) S. cambrensis [17]. We studied
mature flower-bud tissue because flower and inflores-
cence phenotypes change significantly during the spe-
ciation process; [17] specifically, the large radiate capit-
ulum of S. squalidus with SI flowers combines with the
small nonradiate SC capitulum of S. vulgaris to produce
intermediate short-rayed capitula that are sterile in
S. x baxteri and fertile (SC) in S. cambrensis. Microarray
analysis revealed an initial large change in floral gene ex-
pression in S. x baxteri, with 475 genes showing upregu-
lation or downregulation relative to its parental taxa and
also, importantly, relative to natural S. cambrensis, from
which it differs primarily by a change in ploidy level [17].
Thus, the greatest changes in gene expression relative
to the parents (‘‘transcriptome shock’’—a transcriptional
variant of McClintock’s ‘‘genome shock’’ [21]) appeared
to be associated with the hybridization step to form
S. x baxteri [17].
To quantify the relative difference observed in tran-
scriptome shock in S. x baxteri compared to S. cam-
brensis, we filtered gene-expression change data from
this analysis to identify cDNA clones showing a signifi-
cant (R1.6-fold) change in expression between S. x bax-
teri and both parents (S. vulgaris and S. squalidus) and
repeated the analysis for S. cambrensis. In S. x baxteri,
the number of cDNA clones showing significant upregu-
lation or downregulation relative to S. vulgaris and S.
squalidus was almost twice as great as the number ob-
served in S. cambrensis (234 versus 138, respectively),
thereby confirming that the transcriptome-shock event
was more pronounced in S. x baxteri. Where affected
cDNA clones were common to both S. x baxteri and S.
cambrensis (103 clones), the deviation in gene expres-
sion was measured by comparison of the expression
level in each hybrid to the average (additive) expression
value for both parental taxa. Calculating the absolute
deviation from this parental midpoint for each hybrid re-
vealed a mean deviation value of 0.749 for S. x baxteri
and 0.245 for S. cambrensis, with values ranging from
0.019–5.852 in S. x baxteri and 0.002–1.285 in S. cam-
brensis, respectively. This represents a significant (t
test p value = 23 1025) difference in the mean deviation
from the midpoint expression value between the two hy-
brids withS. x baxteri showing a 3-fold greater change in
expression than S. cambrensis. This further demon-
strates that transcriptome shock (here defined as a sig-
nificant change in gene expression in a hybrid compared
to both parents) affected a greater number of genes to
a greater degree in S. x baxteri than in S. cambrensis.
Thus, whereas transcriptome shock is evident in
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1653Figure 1. Filtering of Microarray Expression Data to Identify Patterns of Gene Expression Resulting from Hybridization and Polyploidization
(A) Normalized microarray expression profiles for 2554 cDNA clones obtained via one-way ANOVA to identify gene-expression patterns primarily
maintained between the S1–S5 generations of synthetic S. cambrensis.
(B) Expression profiles for 1162 clones from (A) identified by filtering for reliable expression data (p-values of%0.05 in at least half of the plant
lines).
(C) Six hundred eighty-nine of the cDNA clones, which showed aR1.6-fold change in expression between S. x baxteri and natural (wild) S. cam-
brensis from (B).
(D) Four hundred seventy-three of the cDNA clones that showed no change in expression betweenS. x baxteri and naturalS. cambrensis from (B).allohexaploid S. cambrensis, the effect appears to be re-
duced or ‘‘ameliorated’’ relative to S. x baxteri presum-
ably as a consequence of polyploidization. To investi-
gate this apparent amelioration of transcriptome shock
after genome doubling and its timing, we created syn-
thetic lines of allohexaploid S. cambrensis by treating
nine independent F1 hybrid S. x baxteri lines with colchi-
cine. Progeny from each allohexaploid line were then
self-pollinated to create further progenies, and the pro-
cess was repeated for five generations (S1–S5) for each
of the nine different lines (see Experimental Procedures).
Microarray Analysis of Gene-Expression Changes
in Natural and Synthetic S. cambrensis Relative
to S. x baxteri
Microarray comparisons were performed to assess
differences in gene expression in 1–2 day pre-anthesis
mature flower buds of the triploid F1 hybrid S. x baxteri,
natural (wild)S. cambrensis, and the first five generations
of synthetic S. cambrensis (S1–S5). Data from 16 repli-
cate hybridizations for each set of plants were analyzed
statistically (see Experimental Procedures) to identifygene-expression patterns that were primarily consistent
within the five synthetic S. cambrensis lines. This analy-
sis identified a pool of 2554 cDNA clones, representing
40% of the total number printed on the array (Figure
1A). Further statistical filtering reduced this number to
1162 clones that showed statistically reliable expression
data (Figure 1B). Reliability of microarray expression
data was further confirmed by the performance of quan-
titative RT-PCR (qPCR) on 10 cDNA clones. Six of these
showed expression patterns matching or similar to those
observed on the microarrays (see the Supplemental Data
found with this article online). This figure is consistent
with our previous finding of approximately 65% agree-
ment between array data and qPCR data for this array
platform [17] and also with values observed for other
systems [22].
To correlate results from this analysis with those from
our previous analysis [17], we further filtered the pool of
1162 clones to identify clones showing expression
change between natural (wild) S. cambrensis and S. x
baxteri (Figure 1C). This identified 689 cDNA clones
(60%) showing significant differential gene expression
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1654Figure 2. Patterns of Gene-Expression Change Associated with Allopolyploidization
Five distinct groups of gene-expression changes between S. x baxteri and allohexaploid S. cambrensis (synthetic and natural) were identified.
(A and B) Group 1 cDNA clones (400) showed an immediate switch toward a natural (wild) S. cambrensis-like expression pattern in S1 synthetic S.
cambrensis; that pattern was maintained in the S2–S5 generations.
(C) Group 2 cDNA clones (67) displayed a maintained shift toward an expression level intermediate between that of S. x baxteri and that of natural
S. cambrensis.
(D) Group 3 cDNA clones (50) showed a slow progression from S. x baxteri-like to natural S. cambrensis-like expression levels.
(E and F) Group 4 cDNA clones (137) displayed a shift toward a natural S. cambrensis-like expression level but with variation in the S2 (E) or var-
iation among all S1–S5 generations (F).
(G–H) The level of expression that group 5 cDNA clones (35) showed in the S1–S5 synthetic S. cambrensis lines was more extreme than that ob-
served in either S. x baxteri or natural (wild) S. cambrensis.
(I) The stable expression level shown by 64 cDNA clones in the S1–S5 synthetic lines was similar to that observed in Group 5, but there was no
expression change between S. x baxteri and natural S. cambrensis.in natural S. cambrensis relative to S. x baxteri. Analysis
of the individual expression profiles of these cDNA
clones with K-means clustering on similarity of expres-
sion identified eight different gene-expression patterns
(Figure 2), which fell into five distinct groups. Group 1
(Figures 2A—2B) contained the majority of cDNA clones
(400 out of 689; 58%) and consisted of cDNA clones that
displayed an immediate shift toward natural (wild)
S. cambrensis-like expression levels in S1 synthetic
S. cambrensis; these expression levels were then main-
tained (and occasionally reinforced) throughout the S2–
S5 generations. Such a pattern of altered gene expres-
sion is consistent with the amelioration effect observed
in our previous analysis [17]. Normalized microarray
data for a selection of clones that displayed this expres-
sion pattern is presented in Table 1. Group 2 (Figure 2C)
cDNA clones (67; 10%) all showed an expression shift
similar to that of clones in Group 1 (particularly thoseshown in Figure 2B) but at an expression level intermedi-
ate between that of S. x baxteri and natural S. cambren-
sis. Group 3 (Figure 2D) was composed of 50 cDNA
clones (7%) that showed a slow progression toward
natural S. cambrensis-like expression levels across all
five generations of the synthetic lines. The second larg-
est subset (20%) of cDNA clones (group 4; Figures 2E–
2F) displayed the same initial expression change in the
S1 generation as that seen in the group 1 cDNA clones
but differed from group 1 because this changed level of
gene expression was not maintained across all five
generations of synthetic S. cambrensis. The majority
(110) of group 4 cDNA clones showed variation in the
S2 allohexaploids (Figure 2E), whereas the remainder
(27) showed variation in the S3–S5 generations (Figure
2F). The final category (group 5; Figures 2G–2H) con-
sisted of 35 cDNA clones (5%) that showed a maintained
shift to an expression level more extreme than that of
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1655Table 1. Expression Data for a Sample of cDNA Clones Putatively Showing a Stable Altered Pattern of Gene Expression in Senecio cambrensis
Relative to S. x baxteri
Clone ID S. x baxteri S1 S2 S3 S4 S5 S. cambrensis BLAST Similarity Match Genbank
SV_CP_09_
C01
2.325
(0.106)
1.270
(0.129)
1.024
(0.073)
0.807
(0.087)
0.806
(0.065)
0.973
(0.064)
1.143
(0.114)
no hit DY660546
SS_CP_06_
C08
2.214
(0.113)
1.199
(0.112)
0.887
(0.070)
0.721
(0.082)
0.797
(0.069)
1.062
(0.067)
1.230
(0.115)
putative 26S proteasome
regulatory; particle
triple-A ATPase
DV038791
SS_CP_09_
B08
2.194
(0.118)
1.118
(0.115)
0.880
(0.087)
0.781
(0.084)
0.806
(0.065)
0.978
(0.079)
1.312
(0.144)
putative protein
[Arabidopsis thaliana]
DY662858
SS_CP_09_
B04
2.087
(0.079)
1.129
(0.101)
0.965
(0.092)
0.745
(0.099)
0.795
(0.068)
1.043
(0.076)
1.033
(0.111)
peptidyl-prolyl cis-trans
isomerase [Arabidopsis
thaliana]
DY660362
SS_CP_09_
D05
1.815
(0.118)
0.997
(0.14)
0.903
(0.101)
0.752
(0.094)
0.870
(0.083)
1.118
(0.085)
1.228
(0.117)
expressed protein
[Oryza sativa (japonica
cultivar-group)]
DY658260
SS_CP_09_
F09
1.774
(0.137)
0.950
(0.145)
0.798
(0.077)
0.814
(0.083)
0.902
(0.075)
1.034
(0.076)
1.205
(0.094)
no hit DV038788
SS_CP_07_
B01
1.634
(0.136)
0.978
(0.09)
0.971
(0.085)
0.776
(0.089)
0.806
(0.07)
1.034
(0.081)
1.142
(0.102)
bromo-adjacent homology
(BAH); domain-containing
protein-like
DY658905
SS_CP_06_
B12
1.524
(0.111)
0.845
(0.099)
0.729
(0.079)
0.922
(0.099)
1.108
(0.124)
1.185
(0.124)
1.274
(0.125)
putative ZF-HD homeobox
protein [Oryza sativa
(japonica cultivar-group)]
DY662460
SS_CP_06_
B04
1.459
(0.15)
0.804
(0.08)
0.808
(0.08)
0.898
(0.086)
1.112
(0.085)
1.245
(0.095)
1.281
(0.119)
no hit DV038800
SS_MF_11_
A02
0.716
(0.059)
1.260
(0.094)
1.268
(0.081)
1.066
(0.084)
1.113
(0.075)
0.925
(0.074)
0.770
(0.089)
ATGPX1 (GLUTATHIONE
PEROXIDASE 1)
DY662935
SC_CP_10_
G01
0.696
(0.071)
1.172
(0.144)
1.430
(0.136)
1.284
(0.137)
0.984
(0.091)
1.038
(0.116)
0.807
(0.107)
putative chloroplast nucleoid
DNA-binding protein
[Arabidopsis thaliana]
DY660296
SV_MF_02_
F11
0.654
(0.07)
1.267
(0.13)
1.334
(0.116)
1.052
(0.098)
0.827
(0.078)
0.936
(0.097)
0.864
(0.108)
unknown protein
[Arabidopsis thaliana]
DY665768
SV_MF_08_
A05
0.637
(0.067)
1.118
(0.134)
1.352
(0.143)
1.266
(0.138)
1.031
(0.087)
1.005
(0.094)
0.960
(0.14)
extensin (class I) DY660909
SS_MF_10_
G11
0.631
(0.074)
1.026
(0.116)
1.371
(0.09)
1.320
(0.115)
1.075
(0.108)
0.811
(0.102)
0.879
(0.104)
F1K23.17 [Arabidopsis
thaliana]
DY657689
SV_MF_08_
A09
0.602
(0.067)
1.023
(0.115)
1.305
(0.141)
1.275
(0.132)
1.010
(0.102)
0.913
(0.133)
0.991
(0.16)
extensin (class I) DY663327
SS_MF_11_
E07
0.574
(0.081)
0.942
(0.104)
1.207
(0.097)
1.157
(0.116)
1.292
(0.146)
1.131
(0.112)
1.221
(0.119)
ribosomal protein S4
[Panax ginseng]
DY665821
SS_MF_11_
D03
0.559
(0.075)
1.171
(0.177)
1.407
(0.172)
1.426
(0.191)
1.257
(0.158)
1.159
(0.191)
1.338
(0.224)
cytochrome c oxidase
subunit I [Sorghum bicolor]
DY664664
SV_CP_11_
A08
0.549
(0.065)
0.906
(0.106)
0.937
(0.095)
1.206
(0.108)
1.227
(0.096)
1.044
(0.075)
0.844
(0.127)
glutamine synthetase
[Lactuca sativa]
DY661816
SC_MF_07_
A10
0.535
(0.062)
1.076
(0.101)
1.040
(0.084)
1.309
(0.103)
1.137
(0.093)
0.856
(0.085)
0.766
(0.095)
alpha tubulin [Physcomitrella
patens]
DV038722
SS_MF_09_
A02
0.458
(0.062)
0.978
(0.095)
1.320
(0.106)
1.063
(0.122)
0.908
(0.105)
1.090
(0.104)
1.244
(0.127)
pore-forming toxin-like
protein Hfr-2 [Triticum
aestivum]
CO553465
SS_MF_11_
G04
0.421
(0.054)
0.902
(0.086)
1.193
(0.089)
1.325
(0.09)
1.149
(0.079)
0.906
(0.068)
1.119
(0.125)
ATRAB11C; GTP binding
[Arabidopsis thaliana]
DY664965
Normalized microarray expression data for a subset of cDNA clones that showed a stably altered pattern of gene expression in S. cambrensis
relative to S. x baxteri (group 1 in Figure 2). Expression data are given for S. x baxteri, the S1–S5 generations of synthetic S. cambrensis, and
natural (wild) S. cambrensis; the results of BLAST similarity searches for each clone and GenBank/EMBL accession numbers for the cDNA se-
quences are also given. Numbers in parentheses under each expression value are the standard error of the mean.either S. x baxteri or natural S. cambrensis. Collectively,
these five groups of genes can be described as being af-
fected by allopolyploidization because they all show
a primary change in expression associated with hybrid-
ization and then a secondary change associated with
genome duplication.
Of the 1162 cDNA clones that showed reliable expres-
sion data, 40% (473) did not display a substantial (R1.6-
fold) change in expression level between S. x baxteri and
natural S. cambrensis, nor was such a change apparent
in the S1–S5 synthetic allohexaploids, barring some var-
iation in the S2 line (Figure 1D). Investigation of themicroarray data from our previous analysis [17] revealed
that the majority (65%) of these 473 cDNA clones
showed no change in expression in either S. squalidus
or S. vulgaris relative to either hybrid, suggesting that
these genes are not affected by either hybridization or
polyploidization. However, the remaining 35% of these
cDNA clones did show a difference in expression be-
tween the hybrids and one or both parental taxa, sug-
gesting that these genes were affected solely by the pro-
cess of hybridization. Interestingly, 64 (12%) of these
cDNA clones displayed a similar pattern of expression
to that seen in group 5 (Figures 2G–2H), whereby there
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in the synthetic lines of S. cambrensis than in either
S. x baxteri or natural S. cambrensis (Figure 2I).
Amelioration of Transcriptome Shock in Synthetic
and Wild Allohexaploids
The finding that the majority of cDNA clones showing
expression changes displayed an immediate switch in
synthetic S. cambrensis toward an expression pattern
either matching (group 1) or approximating (group 2)
that of natural S. cambrensis reinforces our previous
finding [17] that, for a substantial proportion of genes,
the transcriptome-shock effect experienced after hy-
bridization is ameliorated (reduced) after genome dou-
bling. Analysis (Pearson correlation) of log expression
ratios for cDNA clones that were differentially expressed
between S. x baxteri and natural S. cambrensis in both
this analysis and our previous microarray comparison
of these hybrids and their parent taxa, S. squalidus
and S. vulgaris [17], showed a significant (r2 = 0.8059)
correlation between the two experiments (Figure 3).
This indicates that the majority of genes showing tran-
scriptome shock and subsequent ameliorated expres-
sion in the first analysis (involving natural S. cambrensis)
[17] displayed similar expression change in the analysis
of synthetic S. cambrensis. This suggests that (within
flower bud tissue at least) the same genes tend to be af-
fected by separate instances of hybridization, polyploid-
ization, or both. This finding agrees with similar observa-
tions in Arabidopsis suecica, in which 56% of genes
affected by allopolyploidization were in common be-
tween two independent synthetic lines [16]. As with the
current Senecio study, variation between the two analy-
ses may be due to differences occurring at the level of
individual hybridization or polyploidization events. Al-
though it is possible that some of the changes in gene
expression observed after hybridization and genome
duplication may arise from simple dosage effects, this
Figure 3. Correlation of Expression Data from Microarray Analysis
of Synthetic S. cambrensis with That of Natural S. cambrensis
from Hegarty et al. [17]
Scatterplot showing log ratios of normalized expression data for S. x
baxteri:natural S. cambrensis from our previous microarray compar-
ison (x axis) of S. x baxteri, natural S. cambrensis, and their progen-
itors S. squalidus and S. vulgaris [17], plus expression data for S. x
baxteri:natural S. cambrensis from the present analysis (y axis).
The trendline shows a significant (r2 = 0.8059) correlation between
the data from both microarray analyses, implying that the majority
of observed changes in expression level were common to both ex-
periments.cannot explain all of the widespread gene-expression
changes observed in both our analysis and similar stud-
ies [16]. For instance, certain genes (most notably ribo-
somal RNA genes) were expressed at higher levels in
triploid S. x baxteri than in hexaploid S. cambrensis,
whereas other genes were expressed at lower levels in
the polyploid taxa than in their diploid parent S. squa-
lidus. These observations indicate that many of the ob-
served expression changes are likely to result from ef-
fects on gene-regulatory mechanisms.
That a high percentage of gene-expression changes
occur in the S1 synthetic allohexaploid and are main-
tained in subsequent generations suggests that neo-
polyploid hybrids can become genetically stable very
rapidly through the single-step process of chromosome
doubling. In addition to the immediate effect of poly-
ploidization on gene expression, a sizable proportion
(27%) of affected cDNA clones that displayed expres-
sion changes between S. x baxteri and synthetic S. cam-
brensis showed either a slower progression toward nat-
ural (wild) S. cambrensis expression levels (group 3;
Figure 2D) or variation in expression at some stage
within the S2–S5 generations of synthetic S. cambrensis
(group 4; Figures 2E–2F). From an evolutionary perspec-
tive, this variation in gene expression may be as impor-
tant to the success of a newly formed allopolyploid as
the immediate changes seen in the S1 synthetic lines be-
cause it represents another source of genetic novelty
through which the allopolyploid could adapt to novel se-
lective pressures to which its parental taxa cannot.
Strong evidence for such an assumption comes from
a recent study of changes to gene expression in the ho-
moploid hybrid sunflower,Helianthus deserticola [23]. In
this study, Lai et al. showed an association between the
phenotype of H. deserticola, which is adapted to an ex-
treme arid environment in which neither of its parents,H.
annuus and H. petiolaris, can survive, and a transgres-
sive pattern of parental gene expression such that a suite
of genes that was potentially important for drought toler-
ance was upregulated inH. deserticola. This implies that
transgressive expression patterns in newly arising hy-
brids (and, by extension, allopolyploids) may preadapt
a hybrid or one of its segregants to a new environment
that is not accessible to either parent or other segre-
gants. The patterns of gene expression shown by group
5 cDNAs in this analysis (Figures 2G–2I) clearly demon-
strate a transgressive pattern of expression in the syn-
thetic allohexaploid lines such that they show stable ex-
pression levels that are more extreme than those seen in
either S. x baxteri or natural S. cambrensis. This poten-
tial for transgressive gene expression in Senecio allo-
hexaploids may have been important during the early
evolution and establishment of S. cambrensis in the
wild.
Types of Genes Affected by Hybridization
and Polyploidization
Basic gene-function ontologies were constructed for
cDNA clones with expression patterns affected by allo-
polyploidization (Figure 4A), affected by hybridization
only (Figure 4B), or unaffected by either (Figure 4C)
(see Experimental Procedures). Interestingly, all three
ontologies were remarkably similar with no one putative
functional class of genes being overly affected by
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there was a slightly greater representation of genes po-
tentially involved in floral or pollen development among
clones affected by hybridization and allopolyploidiza-
tion than among those showing no expression change
between hybrids and their progenitors (7% and 5%, re-
spectively, compared to 1%). This may reflect altered
floral phenotypes that arise after hybridization and allo-
polyploidization. Genes potentially involved in signaling,
defense and stress, and fatty-acid biosynthesis were
also more represented among clones affected purely
by hybridization, but the overall similarity of the ontol-
ogies suggests that the majority of the observed gene-
expression changes are fairly nonspecific and involve
a wide variety of transcripts.
Conclusion
Microarray analysis of floral gene expression during allo-
polyploid formation inSenecio clearly demonstrates that
hybridization and polyploidy lead to rapid and wide-
spread, yet mutually distinct, changes in levels of gene
expression, and the majority of these changes are main-
tained in subsequent generations of the new allopoly-
ploid. Most of the cDNA clones whose expression was
affected by genome duplication in the synthetic allohex-
aploid lines showed an immediate or rapid shift in ex-
pression toward that seen in natural (wild)S.cambrensis.
This finding that genome duplication can have such an
immediate ameliorating effect on changed levels of
gene expression (transcriptome shock) arising from hy-
bridization was unexpected and raises intriguing ques-
tions about the gene-regulatory mechanisms that are re-
sponsible.
Other studies [12, 13, 16] have also demonstrated im-
mediate and stable changes to gene expression in allote-
traploids, but these systems have not permitted sepa-
rate observation of changes arising from the distinct
events of hybridization and polyploidy. In particular,
Wang et al. [16] showed dramatic nonadditive changes
to gene expression in synthetic Arabidopsis suecica
Figure 4. Basic Putative Functional Ontologies of Genes Affected by
Allopolyploidization or Hybridization Only, as well as Genes Unaf-
fected by Either Event
(A) Ontology of cDNA clones showing expression changes associ-
ated with allopolyploidization (groups 1–4 in Figure 2).
(B) Ontology of cDNA clones showing expression changes associ-
ated with hybridization but not polyploidization.
(C) Ontology of cDNA clones unaffected by either hybridization or
polyploidization.allotetraploids and, in a comparison with autotetra-
ploids, proposed that interspecific hybridization was
most likely to be the main source of transcriptional vari-
ation. Although these findings correlate broadly with our
observations in Senecio, the Arabidopsis system in-
volves the production of autotetraploid A. thaliana,
which is then crossed with tetraploid A. arenosa to pro-
duce the allotetraploid A. suecica. By studying gene ex-
pression in synthetic allopolyploidS. cambrensis formed
from the triploid intermediate hybrid S. x baxteri, we gain
additional insight into the genetic consequences of allo-
polyploidization because the hybridization and poly-
ploidization steps are uncoupled and therefore distinct.
Our analysis of gene expression in synthetic allohexa-
ploid S. cambrensis clearly shows that interspecific hy-
bridization is indeed the primary source of changed pat-
terns of gene expression, and thereby confirms the
hypothesis proposed by Wang et al. [16]. However, the
Senecio analysis also shows that polyploidization itself
results in a secondary change in gene expression either
to a state resembling that in one of the original parent
taxa or to a state distinct from both parents and the trip-
loid hybrid. This effect is then broadly maintained
throughout subsequent generations of the synthetic al-
lopolyploid. Importantly, the sudden alterations that dif-
ferent generations (segregants) of the synthetic allohex-
aploids display in gene expression may represent
sources of genetic novelty that may be adaptive in
a new environment.
What then are the regulatory processes underlying
these widespread changes to gene expression in newly
formed allopolyploids? Recent studies of gene-expres-
sion change in polyploids highlight a variety of potential
mechanisms including homeologue-specific gene si-
lencing, altered regulatory networks, DNA methylation,
and chromatin remodeling [7, 8]. Determining the nature
and extent of interactions between these varied tran-
scriptional regulatory mechanisms will be the next im-
portant step in understanding how hybrid genomes
evolve during allopolyploid speciation in plants.
Experimental Procedures
Plant Material
Senecio squalidus, S. vulgaris var. vulgaris, S. cambrensis, and nine
synthetic lines of F1 S. x baxteri were grown as described in Hegarty
et al. [17]. Synthetic S. cambrensis was generated by treatment of
young cuttings of nine independent F1 hybrid S. x baxteri lines of
with colchicine. Lateral shoots were removed from four healthy cut-
tings of each S. x baxteri individual, and their apical shoots were
wrapped in cotton wool soaked in 1% aqueous colchicine (Sigma,
UK) for 6–8 hr. At 2 hr intervals during the treatment, the cotton
wool was moistened with additional colchicine solution. Treated cut-
tings were then allowed to grow to flowering in a heated glasshouse
(maximum day temperature was 22C; minimum night temperature
was 15C) with supplementary lighting to give 16 hr day and 8 hr night
lengths. As capitulum (inflorescence) buds formed, they were cov-
ered with small muslin bags to prevent contamination with alien pol-
len and to aid collection of selfed fruits (achenes). When flowers
opened, self-pollination was aided by occasional agitation of the
muslin bags. All colchicine-treated cuttings produced fruits. Proge-
nies of putative hexaploids were raised from fruits of the 36 cuttings,
and the ploidy of individual young plants was determined by flow cy-
tometry [17]. The majority of the plants tested were hexaploid, al-
though tetraploid, pentaploid, and heptaploid individuals were also
identified. Hexaploid individuals were obtained from all nine original
S. x baxteri hybrids and were subsequently referred to as first
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1658generation (S1) ‘‘synthetic’’ S. cambrensis. Four further generations
(S2–S5) were derived from selfed progenies of the nine synthetic
S. cambrensis lines. Plants were grown in controlled-environment
chambers with 16 hr day and 8 hr night lengths (day temperature
was 20C and night temperature was 16C) with 30 min bursts of
far-red light at the beginning and end of the ‘‘day’’ cycle. The gross
floral and vegetative phenotypes of the nine F1 S. x baxteri hybrids
were all very similar and resembled that of the S. vulgaris parent ex-
cept that the hybrids were all larger and possessed ray flowers. The
floral and vegetative phenotypes of individuals of the nine S1 and S2
allohexaploid lines were similar to S. x baxteri except that they were
generally larger and possessed more and longer ray flowers. Individ-
uals in the S3 to S5 generations were more variable for capitulum
morphology, particularly in the presence or the absence of ray
flowers and in ray-flower length. To achieve an ‘‘average’’ allohexa-
ploid phenotype [17] for microarray comparisons, we pooled tissue
from 27 individuals for each generation (three progeny from each of
the nine lines derived from the original nine S. x baxteri genotypes).
Only S3–S5 individuals that possessed ray flowers (w5% of individ-
uals were rayless) were selected for RNA extraction and subsequent
microarray analysis.
RNA Extraction
Mature flower buds, defined as buds in any stage postcapitulum
opening but prior to anthesis, were harvested into liquid nitrogen af-
ter the surrounding bracts were carefully removed. Tissue harvest-
ing was performed equally between the hours of 9:30 a.m. and
12:30 p.m. and between 2 p.m. and 5 p.m. in order to minimize circa-
dian effects on gene expression. Multiple tissue samples from each
generation were pooled to normalize within-generation variation.
RNA extractions were performed [17], and several RNA samples
for each generation were pooled to minimize technical variation.
Microarray Analysis
Microarray expression studies were carried out as described in He-
garty et al. [17] with the alteration of the labeling protocol to employ
cDNA produced via the SMART cDNA technique (BD Bioscience).
Full details of array hybridization and raw signal data are available
from the EBI ArrayExpress database (http://www.ebi.ac.uk/
arrayexpress/) under accession code E-MAXD-5. Array layout is
available under accession code A-MAXD-3. Data were prenormal-
ized [17] and loaded into the GeneSpring statistical package (Silicon
Genetics) for comparison of normalized expression values.
qPCR Analysis
Quantitative RT-PCR (qPCR) analysis of gene expression was per-
formed per Hegarty et al. [17]. Primers (sequences available in the
Supplemental Data) were designed to obtain amplicons of 100–
300 bp size, and PCR products were checked via agarose gel elec-
trophoresis to ensure that only a single product was obtained from
either wild hybrid prior to qPCR [17]. This was further tested via
melting-curve analysis of the qPCR products.
Construction of Gene-Function Ontologies
Sequencing of cDNA clones was performed by the SBS sequencing
service at the University of Edinburgh. Good-quality sequence infor-
mation was obtained for 95% of the 1162 cDNA clones that showed
statistically significant expression data. BLAST similarity searches
against the GenBank/EMBL database (E value cutoff of%13105) al-
lowed basic gene ontologies to be constructed for clones that dis-
played ameliorated expression patterns in S. cambrensis relative
to S. x baxteri (genes affected by allopolyploidization; Figure 4A),
clones that displayed altered expression in S. x baxteri and S. cam-
brensis relative to their parental taxa S. squalidus and S. vulgaris
(genes affected by hybridization, Figure 4B), and clones that showed
no change between the four taxa (Figure 4C).
Supplemental Data
Supplemental Data can be found with this article online at http://
www.current-biology.com/cgi/content/full/16/16/1652/DC1/ and in-
clude qPCR results (both data and graphs showing correlation of ex-
pression between the qPCR and microarray analyses), qPCR primer
sequences, and full lists of 1162 differentially expressed clones
showing reliable microarray expression data.Acknowledgments
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